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is  the  mean  kinetic  energy\of  Iona  entering  the  analyzer.  The  device  is 
designed  to  operate  with  E#  greater  than  or  equal  to  5 e.V,  thus  giving 
an  optimum  K.E.  bandwidth  for  transmitted  ions  of vAE#-t0.05  e.V.  First- 
order  aberrations,  and  the  effects  of  fringing  "E  fields  in  the  vicinity  of 
the  defining  apertures,  have  been  taken  into  account  quantitatively  in  the 
analyzer  design. 

One  of  the  most  important  applications  of  the  analyzer  will  be  the 
measurements  of  K.E.  spectra  of  energetic  ions  produced  in  25-5000  e.V. 
collisions.  For  high  resolution  measurements  (at  EQ?5  e.V.,  giving 
AEqFO.05  e.V.),  it  is  thus  necessary  to  retard  the  fast  ions  leaving  the 
collision  region  by  a factor  varying  from  about  5:1  to  1000:1.  A 
relatively  simple  cyllndrlcally-symaetrlc  electrostatic  lens  system  has 
been  designed  for  this  purpose.  The  rather  extensive  calculations 
necessary  for  this  design  were  carried  out  by  means  of  a computer 
program,  based  on  paraxial  ray  electron- ion  optics.  . 
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CHAPTER  I 
INTRODUCTION 

Several  types  of  electrostatic  charged-particle  kinetic  energy 
analyzers  have  been  described  in  the  literature.  The  parallel-ptate 
analyzer  was  first  described  by  Yarnold  and  Bolton.1  A further  analysis 
of  this  device  was  given  by  Harrower,^  who  derived  some  of  the  basic 
equations.  Eland  and  Danby^  have  used  such  an  analyzer  with  a resolution 
of  25  meV.  In  1929,  Hughes  and  McMillen^  built  a cylindrical  analyzer 
and  showed  that  it  could  be  used  as  an  energy  analyzer.  Marmet  and 
Kerwln®  improved  it  by  adding  secondary  electron  suppression  grids  and 
used  it  as  an  energy  selector,  to  give  beams  of  nearly  monoenergetic 
electrons.  Rudd®  derived  an  expression  for  its  transmission  curve,  and 
Kuyatt  and  Rudd^  proved  that  It  could  be  used  for  measurement  of  absolute 
cross  sections.  Purcell®  following  a suggestion  of  Aston*1  introduced  an 
analyzer  with  focusing  In  two  dimensions  In  the  form  of  the  spherical 
capacitor;  he  also  gave  an  analysis  of  the  charged  particle  orbits. 
Including  relativistic  effects.  Hafner,  Simpson,  and  Kuyatt10  developed 
the  theory  further  In  their  comparison  of  the  spherical  analyzer  with  the 
cylindrical  type.  Paollni  and  Theodoridls11  obtained  the  transmission 
functions  for  a specific  analyzer  operated  under  conditions  similar  to 
those  used  in  satellite  work. 

These  devices  have  the  common  feature  that  Ions  (or  electrons) 
traveling  In  a well-defined  beam,  but  having  different  kinetic  energies, 
are  Incident  on  an  electrostatic  field.  Ions  of  different  kinetic 
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energies  then  pass  through  the  analyzing  field  along  different  paths, 
according  to  the  laws  of  mechanics.  The  usual  experimental  arrangement 
is  adjust  either  the  kinetic  energy  of  the  ions  entering  the  analyzer, 
or  the  magnitude  of  the  analyzing  f field,  so  that  only  those  ions  having 
energies  which  lie  In  the  range  E0±AE0  are  transmitted  through  the  device 
and  detected.  The  various  types  of  analyzers  differ  from  one  another  in 
the  shapes  of  their  analyzing  electrostatic  fields,  and  of  the  electrodes 
used  to  establish  these  fields. 

Electrostat'  ^lyzers  are  used  in  a number  of  research  areas, 
among  these  being:  photo-electron  spect’  jscopy,  electron  impact  spectro- 

scopy, mass  spectrometry,  and  studies  of  atomic  collision  phenomena.  The 
mean  kinetic  energies  of  transmitted  ions  vary  from  E0=l  eV  or  less  to 
Eo=104  eV  or  higher. 

The  electrostatic  analyzer  which  Is  the  main  subject  of  this 
thesis  Is  of  the  spherical  condenser  type.  In  which  the  analyzing  E field 
is  established  by  a potential  difference  placed  between  concentric  metal 
hemispheres.  Its  principal  use  will  be  In  ion-atom  or  Ion-molecule 
collision  experiments,  to  be  carried  out  over  the  primary  ion  kinetic 
energy  range  100  eV<E-|<5000  eV.  The  collision  processes  of  most  Interest 
In  this  work  are  direct  electronic  (or  vlbronic)  excitation:  A++B=  (A+)* 
+ B**.  The  spherical  analyzer  will  be  used  to  measure  the  kinetic  energy 
spectrum  of  the  product  A+  ions,  as  a function  of  scattering  angle  0 
(measured  with  respect  to  the  Incident  A+  Ion  direction)  as  well  as  of 
collision  energy  Ej.  Such  Information,  when  used  In  conjunction  with 
energy-momentum  conservation,  provides  Identification  of  the  Internal 
states  of  the  product  species.  If  the  experiments  can  be  done  with 
enough  precision,  they  will  also  yield  differential  cross-sections 


3 


o(0,E-|)  for  each  of  the  various  excitation  channels.  The  latter  would 
constitute  a formidable  body  of  information  concerning  the  detailed 
nature  of  processes  which  occur  in  a given  collision  system,  and  would 
be  of  considerable  theoretical  importance.  The  success  of  experiments 
such  as  these  is  strongly  dependent  on  the  performance  of  the  analyzer 
used,  and  in  particular  on  its  energy  resolution.  Of  the  available  types 
of  analyzer,  the  spherical  condenser  was  chosen  for  this  work  since  it 
not  only  gives  adequate  resolution,  but  possesses  superior  focusing 
properties. 

A schematic  cross-sectional  view  of  the  analyzer  which  was  designed 
and  constructed  Is  shown  in  Figure  1.  Its  optimum  energy  resolution  is 
AEo=±0.05  eV,  which  should  enable  the  device  to  distinguish  between 
reaction  channels  which  differ  in  internal  energy  by  as  little  as  one 
vibrational  quantum.  This  high  energy  resolution  is  achieved  in  a 
fairly  compact  device  by  adjusting  the  kinetic  energy  of  product  ions 
entering  the  analyzer  to  the  low  value  of  E0=5  eV.  Since  the  product 
ions  leave  their  collision  sites  with  energies  in  the  range  100-5000  eV 
(depending  on  the  collision  energy),  the  product  ions  must  be  retarded 
in  their  passage  from  collision  region  to  the  analyzer  by  a large,  and 
variable,  factor,  and  then  focused  on  the  entrance  aperture  of  the 
analyzer.  A cylindrical  electrostatic  lens  system  which  accomplishes 
this  has  been  designed. 

The  theory  of  operation  of  the  analyzer,  the  details  of  its 
fabrication,  and  the  underlying  theory  and  numerical  calculations  used 
in  the  design  of  the  retardation  lens  system  are  given  in  subsequent 
sections  of  this  thesis. 


> c 

<V  on 
QJTJU 
JZ  f- 
*-  U 

c • 

f *A 

llojg 
01  -c  01 
N +»  .£ 

>>.  °- 
»—  4-  i/> 


Cf  tO  QU 

f £ 

i—  X 

>0(0  0) 

O -C 

•r-  r—  -4J 

i-  <o 

0>  S-  4- 
£-M  O 
Q.  C 
oo  (DU 

u 

0)  0) 

j=  o>  £ 

**-  « 
o >,  > 

^ -Q  S_  . 

OXI  u o 
*“ 

^°« 

<0  0)  *-  H- 

c -o  <U  X 
o +j  <o 
T JIC  t 
4-J  C 01  lO 
o « o a. 

CO  CL  jjj  || 

«/»  at  4J  ot 
«£  a. 

g5?  .. 

o C <0  >, 
•»-  <e 
u *1. 


«/>  E 

■*“  m 

a> 

1 0 

C JQ 

s- 

* 

4-> 

o c 

c 

■e  o 

0 > 

i/i  1- 

o 

g 

3 

CD 


4 


CHAPTER  II 


DESIGN  AND  CONSTRUCTION  OF 
THE  SPHERICAL  ANALYZER 

1 • Energy  Dispersing  Element 

The  most  important  element  of  any  kinetic  energy  analyzer  is  the 
energy  dispersing  element.  The  choice  in  this  work  of  the  180°  spherical 
electrostatic  analyzer  was  based  on  its  property  of  focusing  in  two 
directions.  This  provides  high  transmission,  and  is  well  adapted  to 
the  use  of  relatively  simple  axially  symmetric  Ion  lenses  for  beam 
transport  and  focusing  before  and  after  the  analyzer.  In  this  device, 
a 1/r2  electrostatic  field  is,  produced  by  a difference  of  potential 
between  two  concentric  hemispherical  surfaces,  of  inner  and  outer  radii 
Rl  and  R2.  Such  an  analyzer  is  shown  schematically  In  Figure  1.  The 
ions  (or  electrons)  enter  the  analyzer  through  a small  circular  aperture, 
located  near  the  center  of  the  space  between  the  spheres,  and  leave 
(through  another  aperture)  after  being  deflected  by  180°.  If  E0  = qV0 
Is  the  energy  In  electron  volts  of  Ions  which  travel  through  the  analyzer 
on  a circular  path  of  radius  Rq,  then  the  potential  difference  V between 
the  hemispheres  Is  given  by: 

V * V0  [(R2/Rt)  - (R]/R2)]  (2.1) 

The  potential  of  the  Inner  hemisphere,  and  the  potential  of  the  outer 
hemisphere,  Vi,  and  V2,  are  given  by:13 

Vi  • V0  [3  - 2 (Ro/Ri )]  (2.2) 

V2  - V0  [3  - 2 (Ro/R2)]  (2.3) 
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The  analyzer  Is  required  to  transmit  a beam  of  Ions  which  Is  diverging 
In  two  directions  at  the  entrance  aperture.  The  direction  of  a given  Ion 
trajectory  (or  "ray")  at  the  entrance  aperture  is  specified  by  the  angles 
a and  3.  ot  Is  the  angle  between  the  projection  of  this  ray  on  the  plane 
of  the  analyzer  (l.e. . the  plane  shown  In  the  cross-sectional  view  of 
Figure  1)  and  the  central  ray.  3 (not  shown  In  Figure  1)  Is  the  angle 
between  the  direction  of  the  central  ray,  and  the  projection  of  the  ray 
of  interest  on  a plane  which  Is  normal  to  the  plane  of  the  analyzer,  and 
tangent  to  the  cen^'*'1  ray  at  the  entrance  aperture.  The  limiting  values 
of  these  angles  are  ± and  * (5m.  in  tb  * equation  giving  the  Image 
position  In  an  actual  analyzer,  the  terms  containing  these  angles  are 
called  aberration  terms.  The  spherical  analyzer  provides  perfect  focusing 
with  respect  to  the  angle  3,  due  to  Its  spherical  symmetry.8 

Let  X]  be  the  radial  distance  measured  from  the  path  of  radius  Rq 
of  an  Incident  Ion  with  energy  E,  and  let  a be  the  angle  this  incident 
Ion  makes  with  the  path  of  radius  R0.  Let  X2  be  the  radial  distance  of 
the  outgoing  Ion  measured  from  the  path  of  radius  R0  after  a deflection 
''f  180°.  Then  (as  Is  derived  In  Appendix  A) 

(X2/Ro)  + (Xt/Rq)  = 2(AE/E0)  - 2a2  (2.4) 

where  AE  * E-E0.  The  absence  in  equation  (2.4)  of  a term  linear  in  a 
shows  that  the  spherical  analyzer  has  first  order  angle  (or  direction) 
focusing.  The  values  of  X]  and  X2  are  limited  by  the  sizes  of  the 
entrance  and  exit  apertures  respectively.  The  resolution  of  the  analyzer 
Is  defined  as  the  maximum  value  of  AE/E0  given  by  equation  (2.4),  (AE/E0)m#x. 
For  entrance  and  exit  apertures  of  equal  diameters  W,  It  follows  that: 
UE/EoUx  - CH/2R0>  + (2.5) 

This  equation  Is  basic  for  the  design  of  the  spherical  analyzer.  However, 


8 


It  Is  no  logger  valid  if  the  distance  between  the  hemispherical  electrodes, 
AR,  is  not  sufficiently  small  in  comparison  with  the  mean  radius  R0.  In 
such  cases  the  second-order  aberrations  c become  Important,  and  must  be 
taken  into  consideration. 

2.  Choice  of  Acceptance  Angle 

The  transmission  function  of  the  spherical  analyzer,  T(E;V0)  is 
defined  as  the  fraction  of  those  ions  (or  electrons)  incident  on  the 
entrance  aperture  which  are  transmitted  by  the  analyzer,  at  a given 
setting  of  the  analyzer  voltage  V0.  For  a given  V0,  the  shape  of  T versus 
E depends  on  the  current  distribution  of  ions  in  the  incident  beam,  the 
maximum  size  of  the  aberration  term  in  equation  (2.5),  and  finally  on 
the  sizes  of  the  entrance  and  exit  defining  apertures.11  In  the  present 
design  a uniform  distribution  of  the  current  of  ions  over  the  entrance 
aperture,  and  entrance  and  exit  apertures  with  equal  diameters,  have 
been  assumed.  The  T(E;V0)  versus  E profile  depends  considerably  on  the 
magnitude  of  o^,.  This  aberration  term  produces  an  asymnetric  tailing 

of  the  T(E,V0)  versus  E curve,  on  the  high-E  side. 

13 

Kuyatt  and  Simpson found  that  this  effect  becomes  small  if  <_ 

1/2 

(W/2Rq)  . However,  a correction  of  the  transmission  function  profile 

by  decreasing  01^  to  arbitrarily  small  values  Is  not  an  adequate  solution, 
because  of  the  Intensity  loss  which  accompanies  It.  In  the  present 
design,  was  chosen  to  be 

% « (W/4R0)1/2  (2.6) 

then  when  equation  (2.6)  Is  substituted  Into  equation  (2.5), with  a mean 
radius  for  the  spheres  of  1.500  Inches,  a kinetic  energy  resolution  of 
1/100  requires  an  aperture  width  of  W « 0.020  Inches.  The  acceptance 
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angle  becomes  0^=3. 13°.  To  provide  a collimated  beam  of  Ions  with  the 
desired  maximum  spread  In  angle  (*<%),  a circular  aperture  can  be  placed 
at  a suitable  distance  from  the  defining  entrance  aperture.  In  the 
present  design,  this  collimating  aperture  has  a diameter  of  0.089  Inches 
and  is  separated  from  the  entrance  aperture  by  1.000  Inches.. 

3.  Determination  of  the  Gap  Between  the  Electrodes 

To  determine  the  gap  between  the  electrodes  AR  of  the  spherical 
analyzer,  one  has  to  consider  the  trajectories  of  the  Ions  within  the 
analyzer.  In  a central  foiv*.  r'jld  (such  as  that  formed  between  the  two 
hemispherical  electrodes  of  the  spherical  analyzer),  a charged  particle 
(Ion  or  electron)  describes  an  elliptical  trajectory,  with  an  eccentricity*1 
which  depends  on  the  energy  of  the  particle  E,  The  trajectory  of  an 
Ion  with  energy  E has  been  obtained  In  terms  of  Its  point  of  incidence 
and  Its  angle  a relative  to  the  central  ray  of  the  spherical  analyzer12. 

The  maximum  separation  from  the  central  ray,  V^ax  (Figure  1),  of  an  Ion 
entering  Into  the  analyzer  midway  between  the  electrodes  and  having  the 
maximum  allowed  spreads  in  angle  and  energy  (a-cim,  AE/E0  = (AE/E0)max), 

Is  given  by13 

<W<0>  ■ (4E/EoUx  ♦ ♦ (M/2Ro  ♦ (4E/E„)Mx)2]V2  (2.7) 

The  gap  between  the  hemispherical  electrodes  was  chosen  to  be  AR  = 2 W^x. 

In  the  present  spherical  analyzer  AR  * 0.200  Inches.  The  radii  of  the 
Inner  and  outer  hemispheres,  R]  and  R2,  are  thus  determined  by  the  two 
equations: 

(Rl  + R2)/2  * R0  (2.8) 

(R2  - Ri)  - AR  (2.9) 

These  give  Rj  ■ 1.400  inches  for  the  radius  of  the  Inner  hemisphere  and 

R2  ■ 1.600  Inches  for  the  radius  of  the  outer. 
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4.  Fringing  Field  Corrections 

The  fringing  if-field  outside  of  the  gap  between  the  hemispheres  has 

so  far  been  ignored,  and  calculations  have  been  performed  assuming  that 

the  trajectories  of  the  ions  are  those  which  would  prevail  in  completely 

rotationally  symmetric  electrostatic  fields.  The  fringing  field  has 

the  effect  of  Increasing  the  angle  4s  through  which  the  Ions  are  deflected, 

so  that  a hemispherical  analyzer  (4e»180°)  gives  an  actual  deflection 

angle  4S  which  Is  somewhat  greater  than  180°.  An  estimate  of  the  required 

correction  was  made  by  using  the  correction  factor  for  a parallel  plate 

condenser.^  Wollnlk  and  Ewald^5  have  shown  that.  If  the  electrodes  and 

the  plane  containing  the  entrance  and  exit  apertures  of  the  spherical 

analyzer  are  placed  as  In  Figure  2,  the  calculations  performed  for  a 

parallel  plate  analyzer  are  also  good  approximations  for  spherical  (or 

other  toroidal)  analyzers.  With  an  arrangement  such  as  that  shown  In 

Figure  2,  the  effects  of  the  fringing  fields  outside  of  the  diaphragms 

Sj  and  S£  are  negligible.  The  angle  4$  between  the  planes  containing 

the  entrance  and  exit  apertures  (or  equivalently,  the  angle  4S  between 

the  diaphragms  Si  and  S2)  Is  then:  4S  ■ 4e+2d.  The  supplementary  angle 

d,  defined  In  Figure  2,  has  been  calculated  as  a function  of  the  aperture 

width  W,  the  principal  radius  Rq,  and  the  gap  between  the  electrodes  AR, 

12  15 

by  Wollnlk  and  Ewald  * . In  the  spherical  analyzer  of  Interest  here 

the  supplementary  angle  was  found  to  be  d»1.8°.  In  the  present  design 
It  Is  desirable  to  have  focusing  at  precisely  180°  (4S  ■ 180°).  In 
order  to  achieve  this,  the  azimuthal  angle  of  the  electrodes  Is  required 
to  be  4e  - 176.4°. 

This  concludes  the  discussion  of  the  design  of  the  present  spherical 
analyzer.  Its  characteristics  are  summarized  In  Table  1. 


/ 
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Table  1. 

Summary  of  the  Spherical  Energy  Analyzer 
Characteristics 


Analyzer  mean  radius  R0 
Radius  of  the  Inner  electrode  R-. 
Radius  of  the  outer  electrode  R? 
Effective  entrance  . ,-t"re  W 
Effective  exit  slltundui 
Energy  In  deflector  E0 
Energy  resolution  AE 
Acceptance  angle  a 
Electrode  deflection  angle  *e 


1.500  Inches 
1.400  Inches 
1.600  Inches 

0.020  Inches  In  diameter 
0.020  Inches 
5 eV 
0.05  eV 
3.13° 

176.4° 


5.  Constructional  Details 


The  validity  of  the  calculated  design  parameters  for  the  spherical 
analyzer  which  have  been  presented  thus  far  is  doubtless  subject  to  some 
restrictions,  because  of  the  idealized  conditions  which  were  assumed  in 
the  calculations.  As  set  forth  in  the  previous  Section  4,  the  effects 
of  the  fringing  E field  have  been  taken  into  account.  However,  other 
perturbing  factors  which  can  affect  the  performance  of  this  device  have 
(so  far)  been  neglected.  The  most  important  of  these  are:  the  effects 
of  space-charge  (or  Coulomb)  spreading  of  the  charged-particle  beam; 
the  effects  of  contamination  of  electrode  surfaces  by  layers  of  insulating 
material;  and  the  reflection  of  charged  particles  by  electrode  surfaces. 
The  first  of  these  factors  (space  charge)  can  be  disposed  of  easily.  This 
analyzer  is  designed  for  use  in  the  product-ion  analyzer  system  of  an 
apparatus  for  studies  of  ion-atom/molecule  collisions.  In  these  applica- 
tions, the  estimated  fluxes  of  product  Ions  are  very  low:  typically, 
only  a few  Ions  would  be  found  In  the  analyzer  at  any  given  Instant. 

Under  these  circumstances  the  mean  distances  between  Ions  are  relatively 
very  large,  and  the  effects  of  their  mutual  Coulomb  Interactions  are 
negligible.  The  other  two  effects  (contamination  of  electrode  surfaces, 
and  reflection  of  Ions)  cannot  be  dismissed  so  easily,  but  It  has  been 
possible  to  design  the  analyzer  so  that  these  are  minimized.  In  the 
case  of  the  contamination  effect,  layers  of  Insulating  material  (arising 
primarily  from  diffusion  pump  oil,  or  other  Impurities  in  the  vacuum 
system)  deposited  on  electrode  surfaces  can  acquire  volume  or  surface 
charge  distributions  which  can.  In  turn,  alter  the  paths  of  nearby  ions 
drastically.  The  effect  Is  especially  serious  If  the  Ion  kinetic  energies 
are  low  (as  they  would  be.  In  the  experiments  of  Interest  here),  and  If 
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the  contamination  occurs  on  small  defining  apertures.  It  results  in 
reduced  transmission  of  Ions,  and  In  unsteady  ion  beam  currents.  Its 
cures  are  to  design  the  vacuum  system  so  that  background  gas  Impurities 
are  reduced  as  far  as  practicable,  and  to  fabricate  the  electrodes  of 
metal  which  tends  to  maintain  a relatively  clean  surface  under  experimental 
conditions.  To  achieve  the  latter,  the  spherical  analyzer  entrance  and 
exit  apertures  have  been  made  of  pure  gold,  and  the  Interior  surfaces  of 
the  analyzer  electrodes  will  be  gold-plated. 

For  a given  seU.:.  if  the  potential  difference  V between  the 
analyzer  hemispheres  we  have  seen  that  the  inean  kinetic  energy  of  Ions 
transmitted  through  the  analyzer,  E0=qVo,  Is  related  to  V by  Equation  (1). 
Ions  with  kinetic  energies  which  differ  appreciably  from  E0  will  strike 
either  the  Inner  or  outer  hemispherical  surfaces.  If  such  Ions  are 
reflected  from,  rather  than  absorbed  by,  these  surfaces,  they  can  be 
transmitted  through  the  analyzer  exit  aperture.  Thus  Ion  reflection  can 
give  rise  to  spurious  peaks,  or  structure.  In  the  measured  kinetic 
energy  distributions,  and  these  are  obviously  undesirable.  Previous 
.perlence  In  this  laboratory  has  shown  that  the  effects  of  Ion  reflec- 
tion are  diminished  greatly,  and  perhaps  eliminated  altogether.  If  the 
Inner  electrode  surfaces  have  a matte  (as  opposed  to  a highly  polished) 
finish.  The  gold  (or  gold  plate)  surfaces  mentioned  previously  satisfy 
this  requirement  adequately. 

The  metallic  elements  (except  for  the  defining  apertures)  are 
fabricated  of  non-magnetlc  stainless  steel  (S/S  304).  This  material 
was  chosen  because  of  Its  high  dimensional  stability,  relative  freedom 
from  Internal  stresses,  and  satisfactory  behavior  In  high  vacuum.  The 
spherical  surfaces  were  machined  using  the  00-ID  combination  radius 


16 


turning  tool,  manufactured  by  Raimi kes  Tool-A-Rama  Corporation  (cat.  # 
006-14),  giving  an  accuracy  for  the  radius  of  curvature  of  +0.0005  inches. 
The  two  hemispheres  are  mounted  on  a stainless  steel  baseplate  (Figure  3) 
and  separated  from  it  by  KEL-F  Insulator  disks  of  1/16  inches  thickness. 
Three  KEL-F  dowels  (0.250  inches  In  diameter  and  0.960  inches  long)  give 
precise  alignment  of  the  two  hemispheres  relative  to  one  another.  The 
two  hemispheres  are  rigidly  attached  to  the  baseplate  by  four  6X32  screws, 
which  are  insulated  from  the  baseplate  by  KEL-F  sleeves  (Figure  3). 

The  entrance  and  exit  defining  apertures  are  fabricated  of  pure  gold, 
in  order  to  minimize  surface  contamination  effects.  These  are  mounted 
with  their  respective  collimating  apertures  In  two  removable  plugs 
(Figure  4)  which  fit  into  holes  In  the  baseplate.  These  apertures  have 
been  machined  with  chamfers,  so  that  they  approximate  knife  edges.  The 
approximate  weight  of  the  spherical  analyzer  Is  16.25  pounds. 
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CHAPTER  III 

ELECTROSTATIC  LENS  SYSTEM 


I . Parameters  of  a Single  Electrostatic  Lens 

Electrostatic  fields  with  axial  symmetry  accelerate  (or  decelerate) 
and  focus  paraxial  electrons  or  Ions  (l.e. , those  particles  whose  paths 
He  close  to  the  axis,  and  make  small  angles  with  the  axis;  much  as  a 
glass  lens  focuses  light  rays16.  If  an  axially  symmetrical  ora  two- 
dimensional  electrostatic  field  Is  specified  on  the  axis,  then  It  Is 
determined  everywhere.  This  means  that  there  Is  less  freedom  in  the 
design  of  electrons  lenses  than  there  Is  In  the  case  of  optical  lenses. 

A knowledge  of  the  electrostatic  field  along  the  axis  provides  all 
necessary  Information  about  the  focusing  properties  of  the  lens  In 
consideration.  Figure  5 shows  the  axially  symmetric  field  formed  by 
applying  potentials  to  two  coaxial  cylinders  of  different  diameters, 
separated  by  a small  gap  In  between. 

Evidently  other  electrode  geometries  will  give  different  distribu- 
tions of  the  electrostatic  field.  From  the  geometry  of  the  lens 
electrodes  It  Is  possible  in  principle  to  determine  the  potential  and 
field  distribution  In  the  lens,  and  from  this  Information,  to  determine 
all  possible  Ion  paths.  However,  In  the  case  of  paraxial  Ions  or 
electrons,  It  Is  sufficient  to  compute  only  the  path  of  two  paraxial 
rays,  which  enter  the  lens  parallel  to  the  Z-axIs  of  synmetry  from  the 
right  hand  side,  and  the  left  hand  side,  respectively.  These  two  rays 


can  be  used  to  give  the  so-called  "cardinal  points"  of  the  lens,  and  the 
latter  describe  the  Image  formation  of  the  lens  completely.  The  definitions 
of  these  cardinal  points  are  shown  In  Figure  6.  An  Ion  (or  electron) 
entering  the  lens  from  the  left,  and  Initially  parallel  to  the  Z-axIs  of 
symmetry  (ray  T In  Figure  6),  Is  deflected  towards  the  Z-axIs  while 
passing  through  the  Inhomogeneous  electrostatic  F-fleld  In  the  gap 
between  the  two  cylindrical  electrodes,  and  emerges  headed  toward  the 
axis.18  At  sufficient  distances  from  the  lens  region  the  Ions  travel  In 
field-free  space,  and  their  paths  are  straight  lines.  The  intersection 
between  the  Initial  parallel  trajectory  (ray  T)  and  the  asymptotic 
path  of  the  emerging  Ion  (ray  2')  defines  the  principal  plane  H',  which 
corresponds  to  the  Image.  The  distance  between  the  principal  plane  and 
the  point  where  the  Ion  crosses  the  Z-axIs,  Is  the  "focal  length"  f'  of 
the  image  side.  The  point  at  which  the  Ion  crosses  the  Z-axIs  is  the 
"focal  point."  In  the  same  way  an  Ion  coming  from  right  to  left  and 
parallel  to  the  Z-axIs  (ray  1)  Is  also  deflected  toward  the  Z-axIs, 
and  emerges  headed  towards  It  (ray  2).  Extending  the  two  straight 
trajectories,  their  Intersection  defines  the  principal  plane  H 
corresponding  to  the  object.  The  point  at  which  the  emerging  ion  crosses 
the  Z-axIs  Is  the  object  "focal  point"  and  Its  distance  f to  the  plane  H 
Is  the  corresponding  focal  length  f of  the  object  side.  The  lateral 
magnification  M Is  defined  as  M « -Y'/Y,  vrtiere  Y'  and  Y are  defined  In 
Figure  6.  From  Figure  6 It  can  also  be  seen  that  the  object  distance 
P and  the  Image  distance  Q,  measured  from  the  reference  plane  Z-0,  are 


For  equal-diameter,  two-cylinder  lenses,  the  values  of  P and  Q have 
been  calculated  as  functions  of  the  magnification  M and  the  voltage 
ratio  V'/V  for  different  values  of  the  gap  between  the  electrodes16.  In  a 
recent  work,  A.  B.  El-Kareh17  has  obtained  accurate  values  for  the  cardinal 
points  of  lenses  having  voltage  ratios  within  the  range  1.5£V'/V<50. 

If  desired  the  lens  can  be  used  to  decelerate  Ions,  as  well  as  to 
accelerate  them.  In  this  case,  V'<V;  the  magnification  M Is  Inverted, 
and  equations  (3.1)  and  (3.2)  are  then  given  by: 

P - F'  + f'/M  (3.3) 

Q ■ F + fM  (3.4) 

This  kind  of  electrostatic  lens  has  been  used  frequently  In 
accelerating  (or  decelerating)  and  focusing  systems  in  many  experimental 
devices  in  which  a fixed  acceleration  (or  deceleration)  Is  required.  One 
of  the  most  Important  applications  of  the  spherical  analyzer  described 
previously  will  be  the  measurements  of  K.E.  spectra  of  energetic  Ions 
produced  In  25-5000  eV  collisions.  The  analyzer  was  designed  to  operate 
with  E0=5  eV,  In  order  to  obtain  high  energy  resolution.  It  Is  thus 
necessary  to  retard  the  fast  Ions  leaving  the  collision  region  by  a 
variable  factor  which  ranges  from  about  5:1  to  1000:1,  and  simultaneously 
to  keep  the  distance  between  object  and  Image  (P+Q)  constant.  A single 
(2-cyllnder)  lens  will  not  satisfy  these  requirements,  since  as  V‘/V  Is 
varied.  In  general  P+Q  also  changes. 

For  the  present  application,  a three-element  cyllndrically- symmetric 

0 

electrostatic  lens  system  has  been  designed.  This  lens  system  (which  Is 
essentially  a combination  of  two  single  electrostatic  lenses)  provides 
a wide  range  of  accelerations  and  decelerations,  and  has  the  same 
focusing  properties  of  any  electrostatic  field  with  rotational  symnetry. 
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An  analysis  of  this  variable  voltage-ratio  lens  system,  and  a description 
of  the  numerical  results  which  have  been  obtained  for  several  different 
lens  geometries,  are  presented  In  the  following  section. 

2.  Variable  Ratio  Lens 

One  can  construct  a variable  ratio  electrostatic  lens  by  combining 
two  single  electrostatic  lenses  as  In  Figure  7.  For  a large  number  of 

pairs  of  values  assigned  to  Vi  and  V2,  it  is  possible  to  find  values  of 

VF  which  satisfy  the  l ,inn  condition  of  the  lens.  For  simplicity  L-j 
has  been  chosen  equal  to  L3.  The  length  L-^20  in  order  to  avoid  overlap 
between  the  potential  fields  of  the  first  and  second  stage.  If  P]  and 
Ql  the  object  and  Image  distances  of  the  first  stage  with  respect  to 
the  reference  plane  Z-j,  and  P2  and  Q2  the  object  and  image  distances  of 
the  second  stage  with  respect  to  the  reference  plane  Z2,  then  the  overall 
focusing  conditions  of  the  two  stage  lens  require  that: 

pl  = Q2  (3.5) 

Ql  + p2  0 *-2  (3.6) 

For  fixed  values  of  Pj  and  Q2,  the  magnitudes  of  Qj  and  P2  are 
determined  In  terms  of  their  respective  magnifications  Mj  and  M2,  and 
the  voltage  ratios  Vp/V-j,  V2/Vp,  according  to  the  equations  (3.1)  and 

(3.2).  The  conditions  (3.5)  and  (3.6)  can  be  applied  to  three  different 

operating  modes.  Mode  A-A  consists  of  two  accelerating  stages;  In  this 
c***  VF/Vrl.  and  V2/Vp>l.  Then  the  object  and  Image  of  an  accelerating 
stage  are  given  by  equations  (3.1)  and  (3.2)  In  terms  of  the  cardinal 
points.  When  these  equations  are  substituted  into  equations  (3.5)  and 
(3.6),  the  focusing  conditions  of  the  lens  become 
FlfVp/V,)  ♦ fj(Vp/Vl)/Mj  - L 


(3.7) 
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F2<W  + F2(V2/Vf)H2  - L (3.8) 

where  L 3 Pi  3 Q2  and 

[Ft(VF/V,)  ♦ fj(VF/V,)M,MF2(V2/VF)+f2(»2/VF)/H2]  = L2  (3.9) 

The  subscripts  1 and  2 refer  to  the  first  and  second  stages  respectively, 
and  the  parentheses  [e.g. , F^Vp/Vj)]  Indicate  the  dependences  of  the 
various  cardinal  points  on  the  appropriate  voltage  ratios.  For  given 
values  of  L and  of  the  voltage  ratios  VF/Vj  and  V2/VF,  the  magnifications 
Mi  and  M2  can  be  evaluated  from  equations  (3.7)  and  (3.8).  The  values 
obtained  for  these  ...o  IFIcations  are  then  substituted  into  equation  (3.9). 
If  the  equation  Is  not  satisfied  for  a g,/en  value  of  L2,  a different  set 
of  values  of  VF/Vi  and  V2/VF  are  taken  and  the  same  procedure  is  repeated. 
The  products  of  all  the  pairs  of  values  of  VF/Vf  and  V2/Vp  found  to 
satisfy  equation  (3.9)  represent  the  accelerations  provided  by  the  lens 
with  two  accelerating  stages  and  for  those  fixed  values  of  L and  L2. 

Mode  A-D  (acceleration-deceleration)  Is  obtained  when  VF/V1>1  and 
Vf/ViM.  In  this  case  the  object  and  Image  of  the  first  stage  are  given 
by  equations  (3.1)  and  (3.2)  and  the  object  and  Image  of  the  second  stage 
uj  equations  (3.3)  and  (3.4).  The  focusing  conditions  are  then  given  by 
Fl  (Vp/V-j ) + f -|  (VF/V-|  )/M-|  ■ L (3.10) 

F2(V2/VF)  + f2(V2/Vp)/M2  - i (3.11) 

and 

[FjfVp/V!)  + f ) (Vp/Vl )Ml ]+[F2(V2/Vp)  + f£(V2/VF)/M2]  = L?  (3.12) 

In  the  sdir®  manner  as  that  used  for  Mode  A-A,  Mi  and  M2  are  determined 
from  equation  (3.10)  and  (3.11)  for  a fixed  value  of  L,  and  for  given 
values  of  Vp/V-j  and  V2/Vp.  The  resulting  magnifications  are  substituted 
Into  equation  (3.12).  All  the  pairs  of  values  of  Vp/Vi  and  V2/Vp  found 
to  satisfy  the  focusing  conditions  represent  the  solutions  for  this  mode. 
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Mode  D-D  (two  deceleration  stages)  corresponds  to  Vp/V-j <1  and 
V2/Vfr<l.  Obviously  this  mode  is  the  inverse  of  the  Mode  A-A.  For  this 
mode  of  operation  the  focusing  conditions  are  given  by 

F -J  ( Vp/Vi ) + f -J  (Vp/V-j  )/Mi  = L (3.13) 

F2(V2/Vf)  + f2(V2/Vp)M2  = L (3.14) 

and 

C F-j  ( Vp/V , )+f  i ( Vp/V -j  )M-j ]+[ F2 ( V 2/VF )+f 2 ( V2/ Vp )/M2]  = L2  (3.15) 

The  calculations  for  Mode  D-D  are  carried  out  in  the  same  way  as  those 
for  the  other  two  modes.  Since  the  present  electrostatic  lens  system  can 
be  operated  in  any  of  the  three  modes,  it  is  capable  of  providing  a wide 
range  of  accelerations  and  decelerations. 

When  dealing  with  practical  instruments  two  important  factors  have 
to  be  taken  into  account.  The  first  of  these  is  the  "filling  factor"  of 
the  electrostatic  lens,  and  the  second  is  the  maximum  deceleration  ratio 
permitted  In  one  stage.  The  filling  factor  of  an  electrostatic  lens  is 
defined  as  the  ratio  of  the  maximum  width  of  the  ion  beam  within  the 
lens  to  the  diameter  of  the  lens.  For  good  performance  of  the  lens, 
this  filling  factor  should  be  less  than  50%.  In  a single  stage  electro- 
static lens,  in  which  the  object  and  Image  distances  are  fixed,  defining 
apertures  can  be  used  to  limit  the  width  of  the  beam.  In  the  present 
electrostatic  lens  system  the  Image  and  object  distances  of  the  first 
and  second  stages  respectively  are  variable.  However,  we  can  control 
the  width  of  the  beam  by  restricting  the  magnifications  to  have  small 
values.  The  second  factor  affects  the  present  electrostatic  lens  when 
it  is  operated  as  In  Mode  A-D,  or  In  Mode  D-D.  A large  deceleration  ratio 
as  (e.g.,  1:100)  can  not  be  tolerated  In  a single  stage,  since  the  lens 
would  be  so  strong  that  the  image  would  be  formed  inside  the  lens  field. 
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In  the  calculations  of  the  present  lens,  the  maximum  deceleration  ratio 
allowed  per  stage  was  chosen  to  be  less  than  1:50. 

Extensive  calculations  of  this  variable-ratio  electrostatic  lens 
were  carried  out  by  means  of  a computer  program.  Basically  this  program 
executes  a trial  and  error  method.  The  cardinal  points  corresponding  to 
different  voltage  ratios  (as  obtained  from  the  calculations  of  El-Kareh^7) 
are  stored  in  two  identical  arrays  (XI),  and  (Xj),  where  the  array  (Xi) 
correspond  to  the  first  lens  stage  and  the  array  (Xj)  to  the  second 
stage.  Every  element  m e'  h erv ay  (XI)  is  a vector  of  dimension  five, 
the  components  of  which  are  the  four  cardinal  points  corresponding  to  a 
given  voltage  ratio,  and  the  voltage  ratio  Itself.  The  first  two  elements 
(1=1,  j*l)  are  taken  and  substituted  Into  the  equations  giving  the 
focusing  conditions.  If  the  pair  (Xj  and  Xj)  satisfy  the  focusing 
conditions,  then  the  voltage  ratio  Is  printed  out.  Then  a new  pair 
(1*1 , j*2)  is  taken  and  compared  with  the  focusing  conditions.  The 
process  terminates  when  all  the  elements  of  the  array  (Xi)  are  compared 
with  all  the  elements  of  the  array  (Xj).  This  computer  program  was  used 
to  calculate  the  range  of  accelerations  (decelerations)  of  various  lenses 
with  different  values  of  the  lengths  L and  L2.  The  overall  voltage 
ratio  of  the  lens  V2/V-J  has  been  plotted  versus  the  voltage  ratio  of 
the  first  stage  Vp/Vj,  for  two  different  values  of  L and  L2,  In  Figures 
8 and  9.  Although  these  calculations  have  been  confined  to  a three-tube 
lens  of  a particular  geometry  (equldlameter  lenses),  one  could  obviously 
do  similar  calculations  with  electrostatic  lenses  of  other  geometries. 

The  wide  range  of  accelerations  (or  decelerations)  required  in  the 
experiments  of  Interest  here  (5£V2/Vli^000)  can  accomplished  using 
two  of  these  variable  ratio  lenses  In  cascade  (as  for  example  two 


— 

I 

I 

31 

variable  ratio  lenses  of  L=3D  and  L2=3D).  This  combination  also  permits 
the  use  of  one  of  the  two  variable  lenses  as  an  Einzel  lens17  (for  which 
V|=V2),  which  provides  great  range  of  control  of  the  focus  by  varying 
the  potential  Vp. 

Listings  of  the  computer  programs  and  the  input  cardinal  point  data, 
are  included  in  Appendix  B. 


APPENDIX  A 

THE  BASIC  EQUATION 
OF  THE  SPHERICAL  ANALYZER 


The  differential  equation  corresponding  to  the  trajectory  of  a 
charged  particle  of  energy  E,  In  the  electrostatic  field  produced  by 
the  two  hemispherical  electrodes  of  the  spherical  analyzer  was  obtained 
by  H.  Wollnlk  ^2  and  Is  given  by: 

d2u/d*2  + u =•  E^R*^  E cos2o  (A.l) 

where  R$3q  Is  the  radial  distance  of  the  charged  particle  when  It  enters 
Into  the  analyzer,  and  u = R0/R.  R0  Is  the  radius  of  the  circular  path 
(or  principal  path)  of  the  spherical  analyzer,  E0  the  energy  of  the 
charged  particle  describing  the  principal  path,  and  a the  acceptance 
angle.  The  solution  of  the  differential  equation  has  the  form: 

u»(R0E0/R^sq  E cos 2a)(l-cos*)+cos#- tana  sin#  (A.2) 

Expanding  the  factors  containing  a,  we  find  all  powers  from  the 
first  present.  However,  at  the  azimuthal  angle  #*180°,  the  last  term 
vanishes,  and  with  It  the  only  linear  term  In  a.  Therefore  at  #*180° 
there  exists  first-order  focusing.  Choosing  that  value  of * and  expanding 
the  equation  to  second  order  In  a,  we  have 

tyR#-180  a (2WE  (A. 3) 

The  spherical  analyzer  Is  usually  operated  with  V-0  at  R*Rq  so  a 
charged  particle  entering  the  analyzer  at  a value  of  R^Rq  will  enter  a 
region  at  a nonzero  potential  and  will  lose  or  gain  energy  depending  on 
what  part  of  the  defining  aperture  It  enters.  The  loss  of  energy  Is 
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qV(Xj)  • 2 E^/R,  (A. 4) 

where  Xj  ■ R$*o  “ This  subtracted  from  E In  the  previous  equation. 
Letting  results: 

X2/2RO  « -(X^^RoJ+tAE/EoJ-o2  (A.5) 

where  AE  « E-E0.  This  Is  the  basic  equation  for  the  spherical  analyzer. 
For  defining  entrance,  and  exit  apertures  of  equal  widths  W,  the  basic 
equation  becomes 

(AE/Eo)  - (U/2R0)  ♦ o2  (A. 6) 

For  the  maximum  .,i~;ed  spreads  In  energy  and  angle  ((AE/E0)max,  a£), 
the  resolution  of  the  spherical  analyzer  Is  then  given  by 

(AE/Eq^x  « (W/2Rq)  +a^  (A. 7) 


APPENDIX  B 


COMPUTER  PROGRAMS  USED 
IN  THE  CALCULATIONS  OF  THE 
VARIABLE  VOLTAGE  RATIO 
ELECTROSTATIC  LENS 


In  this  Appendix  have  been  Included  and  detailed  the  computer 
programs  used  for  the  calculations  of  the  overall  voltage  ratios  of  the 
three-tube  lens  In  the  different  operational  modes.  The  corresponding 
cardinal  points  used  In  these  calculations  have  been  also  Included. 
These  cardinal  points  correspond  to  the  two-tube  equldlameter  lens, 
with  a separation  between  electrodes  of  0.2D.17 
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CJO*  CALCULATIONS  corresponding  TO  THE  CPERaT  I0NAL  MOOE  a-a  of  a 
C VARIABLE  VClTauE  RATIO  ELECTROSTATIC  LENS 

c 

C the  cardinal  flint  a corresponding  ro  t»o  eouiui  arc  tea  ltlinous 

C SEPARATED  oV  A SPACING  OF  0.20  APE  STORED  In  ARRAY  <x|)  »hcR£ 

C IX.  ..94.  cALR  LLcHcNT  GF  The  ARRAY  <A|>  CONTAIN  THE  CARDINAL 

C Pul  NTS  COam E aFlMj  I NO  )u  A VOlTAlE  RATIO  ANO  THE  VOLTAGE  RATIO 

C ITSELF. 

DIME!  FMl |9s> .FI  I 9SI.FM2 1901 .F2l9el.V( 901 

00  I 1 - I . i 

REAOIS. to | w.  * • ■ .0ATA2  • L AT  AJ .OAT  A4 .OATAS 

FH1(I)>-0ATAI 

FI  I I ) 0ATA2 

FM2I I I =0 AT r3 

F 2 1 I I =04 TA4 

VI  l)<DATAS 

10  FORMAT  I F6 . 2 • « Fv  «c .FI0.2.F9.2I 

1 CONTINUE 
BRITEI6.3JI 

30  FORMAT!  IX .• VF/ WI»  .OX  • * V2/ VF  * . 3 A • • M AGN  * • • SX . * V 2/ V 1 * ) 

C THE  LENTH  l»C. 

C«4. 

C THE  trial  and  ERrOR  method  IS  ACCOMPLISHED  using  T«C  DO— LOOPS • 

00  3 J*l.VB 
0ERU*2 .*C-F2l J> 

C THE  FACTOR  2 MllTIPlYInl  THE  LENGTH  C IS  DUE  TO  DATA  mORma- 

C LUATLN  IGIVtN  IN  TchMS  OF  The  RADIOS  OF  THE  CYLINDERS!. 

IFIDENO!  «.A.b 

• CONTINUE 

C the  maCnif  Ilation  of  The  first  stage  has  been  called  aua  and 

C THE  MAONIFIlATIlN  OF  T He  ScCONO  STAGE  HAS  BEEN  CALLED  AUA 

AVJA*FH2(  Jl/UENU 

P A *C 

C The  OflJECT  AND  IMAGE  DISTANCES  OF  THE  FIRST  STAGr.  have  BEEN  CallLO 

C PA  ANO  OA.  AND  The  ux.alT  ANO  IMAGE  OF  THE  SECOND  stage  have  BEEN 

c called  po  and  lo.  this  nomenclature  has  seen  used  for  the 
C Three  OPERATIONAL  r Gdcs.  but  IN  EACH  Case  their  EaPPESSIdnS  arc 

c oifferents. 

0A*.S4|F|| Jl+FMII JI4AUAI 
OO  S L>l»a 

oo*c 

AUDX2. *C-Fa4  Ll  I/FM2ILI 
|F| AU0I4.4. 12 
12  CONTINUE 

PD«.54|F ltLl»FMltLl/ADw> 

S«AOSIPDI YAaSIGAl 
AUT*AUD*AUA 
VT»V|  J)»VlL  » 

C the  value  uf  s is  compared  kith  the  value  given  to  L2 

IF  I AbSI S-3 • I .LB.  .Oil  OO  TO  * 

60  10  4 

• •RITEIB.20)  VlJI.VILI.AUT.VT 
20  F0RMAT(IX.AIF&.2.3A>, JX.F7.J) 

4 CONT I NOE 

• CONTINUE 

2 CONTINUE 

3 CONTINUE 

? CONTINUE 

STOP 

(NO 
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• JOB 

c 5™_!:!II5™fE!!f£f£NO,NC  T0  TMC  operational  mode  *-->  a r * 


variable  volt age  ratio  electrostatic  lens 


The  CARDINAL  POINTS  CORRESPOND  I ns  to  Two  FHuiriiwrTtc  /■«.  tZZZZZ" 
SEPARATED  BY  A SPACING  OF  0.20 ARE  STOP  >9 IN  J:‘S?y «5l 
l*u  ••9i*  Each  element  of  the  array  ixii  ‘cstjin  th=  r» crjfc.. 
POINTS  ^RPESPCNOING  TO  A VOLTAGE  RAT  IS  ANO  ?HE  VOl7ao|*rSt7o 

•EM2I9e»  .F2(«a»  ,VI9*» 

OC  1 1*1  • 98 

fmm  mIIoata*™  ,C*T42,0*TA3*OAT*4*3*TA5 

Fill)* -DATA2 

FM2I IIsDATAJ 

F2(  I )*DA  T A A 

VI  I)  *CArAS 

FCRmaT(«s.2,2E9.2,*io.2.F9.2> 

CCNTlNOB 

■RIT*(A,301 

TSr“^ENi5*L^'V‘*  V2/WA>  .TX.-MAGN...EA..V2/V1.  1 

c*a. 

C0%TjI|^9ANC  E,:fil0,,  M^TH3°  >3  ACCOMPLISHED  USING  t»d  dd-lccps. 
CEN0*2.*C-F I ( J1 

7?;. multiplying  the  length  c i*  oue  td  0*ta  ncrma- 

<0ENg7  2?iV«N  *N  TfPMS  cr  TH£  pA0lU5  OF.  T Hf  C^L  lN*,‘OS), 

CCM!KUr 

TH«  MAGNrr  ICATlC*H  Ce  THC  FIPST  STAG*  HA«  ar»w  riL,cn  a.ja 

I5I.f£iu?J§enoON  °F  ™-  srcCNC'  *TAi  = HAS  called *“5a**9 

Pa  *c 

I?E.F5J?CT  ANC  1**0?  distances  or  the  *icST  St*st-  hav«-  a‘«N  ,en 
£AA*®  Q,,J?CT  and  IMAGE  of  T He  SSCCVO  STAG*8HA v*C.F*n° 

SiJrtS0  THIS  NOMENCLATURE  mas  eB*N  u*“D  Are  TH*  ® ' N 

OIFFCB*NT?r,CN*L  M:,CES,  euT  ,N  EACM  cese'their  EXPRESSIONS  are 

OA*.  **(*21  j)  AEM2  I JXAUAl 

OC  S L»l . 99 

00*C 

A'JC*  I2.AC-FI  (L  ) 1/FM1  IL) 

IF  < AUT)  )«,  A . 1 2 
CONT  INU'r 

P0«.S*(F2(L) AFM2ILI/AU0) 

$*PO«OA 
AUT* AUOAAUA 
VT*VI JI/VIl ) 

I^TaXSV^*0'.  5.  iS  COMPARED  with  THE  VALUE  GIVEN  ’0  L2 
|FU05(5  J.)  .If.  .0  1)  GO  TO  6 
30  TO  4 

VI  JI.VILI.AUT.VT 
format  I IX  .3IFS.2 .3X1 .3X.*7.J> 

CwNT  INU- 
CC  NT  INJF 
CONT  IN<JF 
CCNT INUC 
CDNT  INJF 
STOP 
END 
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cardinal  points  curhespunoing  to  t tu  eguidiamet*r  cvLihoia^ 
Separated  ov  a SPACING  OP  0.20  are  STomo  In  ARRAY  (All  Lmlrk 
ill****®*  cAOM  EocNENI  OP  THE  ARRAY  (All  CONTAIN  the  Cardinal 

R^j£J£#C0*I**cS,,t'Nt,1N<i  * voltage  ratio  anc  the  voltage  ratio 

DIMENSION  PN I 1 VO) <P II  SO I. PM* (42) .P 21 90 ) . VI ««| 

. A 1 . OA  TA* .OA  TA 2 .0  A T A4  ,0A  TA5 


REAOI  S.  I.  . 
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P||l)*-OAIAA 
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fill) >UATA« 
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CONTINUE 

THE  MAGNIP  IuaTIuN  uP  The  HR  ST  STAGE  HAS  2EEN  Called  l,u  ado 
AUA-ENJc'j J/utNo°N  TMC  SECUNO  STAGE  HAS  OtfcN  CALLED  AUA 

PA*C 

PA^A^Qi'  JSa64  ^‘?I*NC.tS.0P  THE  *,RST  *TA<*  HAVt  BEEN  CALLED 

pa  and  oa.  and  The  uujtU  mno  image  OP  The  second  stage  have  Z, 

A*J®  ™l!>  nomenclature  his  men  used  pop  th^ 
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00«C  • 
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The  value  op 
IP (ABSI S-J.l 
GO  TO  4 

SRI Tt 16.201  VA.VO.AoT.VT 
PORMAT  ( IX. 21  PS.2.2X1.3X.P  7.21 
CONTINUE 
CONTINUE 
CONTINUE 
CONTINUE 
CONTINUE 
STOP 
ENO 


* ifc  CifNt'ARtu  ••***  1NE  VALUE  GIVEN  TO 
•LE.  .Oil  GO  TO  2 
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Table  2.  Cardinal  Points  Corresponding  to  Two 
Equ.' diameter  Cylinders.  The  separation 
between  the  electrodes  is  0.2D. 
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Table  2. -continuation 


0.88 

0.88 

0.8S 

0.83 


0.80 


0.78 


0.78 

6:77 


2.38 

3.97 

1.19 

20.50 

2.34 

3.95 

1.16 

21.00 

2.32 

3.97 

1.11 

21.50 

2.31  , 

3.91 

1.11 

22.00 

2.29 

3.90 

1.09 

22.50 

2.28 

3.88 

1.06 

23.00 

26 

3.87 

1.04 

23.50 

-.25 

3.86 

1.02 

24.00 

2.24 

3.84 

1.00 

24.50 

2.23 

3.83 

0.89 

25.00 

1.  6.  D.  Yarnold  rnd  H.C.  Bolton,  J.  Scl.  Instr.  40  (1949)  38. 

2.  G.  A.  Narrower,  Rev.  Scl.  Instr.  26  (1955)  850. 

3.  J.O.H.  Eland  and  C.J.  Danby,  J.  Phys.  E.  (J.  Scl.  Instr.)  1 (1968) 

406. 

4.  A.L.  Hughes  and  J.H.  McMIllen,  Phys.  Rev.  35  (1929)  291. 

5.  P.  Marmet  and  L.  Kerwln,  Can.  J.  Phys.  38  (1960)  787. 

6.  M.E.  Rudd,  Ph.D.  thesis.  University  of  Nebraska,  1962. 

7.  C.E.  Kuyatt  and  M.E.  Rudd,  Bull.  Amer.  Phys.  Soc.  8,  No.  4 (1963) 

336. 

8.  E.M.  Purcell,  Phys.  Rev.  54  (1938)  818. 

9.  F.W.  Aston,  Phil.  Mag.  38  (1919)  710. 

10.  H.  Hafner,  J.  Arol  Simpson,  and  C.E.  Kuyatt,  Rev.  Scl.  Instr.  39 
(1968)  33. 

n.  F.R.  Paollml  and  G.L.  Theodorldls,  Rev.  Scl.  Instr.  38  (1967)  579. 

12.  H.  Wollnlk,  Focusing  of  Charged  Particles.  Vol.  II,  Edited  by  A. 

Sept  1 er,  (Academic  t’ress,  New  Vork,  1 967) . 

13.  C.E.  Kuyatt  and  J.A.  Simpson,  Rev.  Scl.  Instr.  38  (1967)  103. 

14.  R.F.  Herzog,  Phys.  Z.  41  (1940)  18. 

15.  H.  Wollnlk  and  H.  Ewald,  Nucl.  Instr.  Methods  36  (1965)  93. 

16.  K.R.  Spangenberg,  Vacuum  Tubes . (McGraw-Hill,  New  York,  1948). 

17.  A.B.  El-Kareh,  Electron  Beams.  Lenses  and  Optics.  Vol.  I (Academic 

Press,  New  York,  1970). 

18.  T.L.  Bailey,  Lectures  on  Ion  Optics,  given  Jun-August  1976. 

University  of  Florida. (unpublished) 

45 


» 


BIOGRAPHICAL  SKETCH 


Jose  Manuel  Perez  was  bom  In  LA  HABANA,  Cuba,  on  August  18,  1948. 
He  received  a B.S.  degree  In  physics  from  the  University  of  Madrid 
(Spain)  In  1974. 


